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a b s t r a c t
Tobacco mosaic virus (TMV) is a longstanding model for studying virus movement and macromolecular
transport through plasmodesmata (PD). Its movement protein (MP) interacts with cortical microtubule
(MT)-associated ER sites (C-MERs) to facilitate the formation and transport of ER-associated viral
replication complexes (VRCs) along the ER–actin network towards PD. To investigate whether this
movement mechanism might be conserved between tobamoviruses, we compared the functions of
Oilseed rape mosaic virus (ORMV) MP with those of MPTMV. We show that MPORMV supports TMV
movement more efﬁciently than MPTMV. Moreover, MPORMV localizes to C-MERs like MPTMV but
accumulates to lower levels and does not localize to larger inclusions/VRCs or along MTs, patterns
regularly seen for MPTMV. Our ﬁndings extend the role of C-MERs in viral cell-to-cell transport to a virus
commonly used for functional genomics in Arabidopsis. Moreover, accumulation of tobamoviral MP in
inclusions or along MTs is not required for virus movement.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Plant viruses depend on specialized non-cell autonomous
movement proteins to transport their genome within and between
cells to achieve systemic infection. Similar to viruses and their
movement proteins, certain plant endogenous proteins such as
speciﬁc transcription factors important for plant development and
also certain plant RNA molecules move between cells (Chen et al.,
2013; Dunoyer et al., 2010a, 2010b; Kong et al., 2012; Kurata et al.,
2005; Lucas et al., 1995; Molnar et al., 2010; Rim et al., 2011;
Urbanus et al., 2010; Vatén et al., 2011; Wu and Gallagher, 2013).
Thus, viral movement proteins likely hitchhike on existing host
pathways for the selective transport of macromolecules and hence
are excellent tools to study intra- and intercellular macromolecu-
lar transport processes in plants. Support for this hypothesis was
presented by the ﬁnding that two host proteins, CmPP36 and
CmPP16 are immunologically related with a viral movement
protein and trafﬁc between cells through PD (Xoconostle-Cázares
et al., 2000, 1999).
Tobamoviruses are single-stranded RNA viruses encoding pro-
teins important for viral replication, movement and encapsidation.
Tobacco mosaic tobamovirus (TMV) was the ﬁrst virus discovered
more than a century ago (Beijerinck, 1898; Ivanovski, 1892) and
has been extensively used as a model system to study viral intra-
and intercellular movement. This virus replicates in association
with endoplasmic reticulum (ER) membranes and exploits this
membrane network for spread through plasmodesmata (PD),
symplastic communication channels through cell walls between
neighboring cells (Laliberté and Sanfaçon, 2010; Liu and Nelson,
2013; Niehl and Heinlein, 2011; Niehl et al., 2013b). The 30 kDa
movement protein of TMV (MPTMV) is present in viral replication
complexes (VRCs) (Asurmendi et al., 2004; Heinlein et al., 1998),
associates with RNA (Beachy and Heinlein, 2000; Brill et al., 2000;
Citovsky et al., 1990; Más and Beachy, 1999; Sambade et al., 2008)
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and acts as a microtubule (MT)-associated protein (Ashby et al.,
2006; Boyko et al., 2000, 2007; Ferralli et al., 2006; Heinlein et al.,
1995). Studies addressing the involvement of the cytoskeleton
during TMV intra- and intercellular movement revealed that the
tightly ER-associated actomyosin network facilitates targeting of
MPTMV to PD (Wright et al., 2007), intracellular movement of
replicase complexes (Liu et al., 2005), and the spread of infection
(Harries et al., 2009; Hofmann et al., 2009; Kawakami et al., 2004;
Liu et al., 2005). It has to be noted, however, that TMV movement
occurs unaffected within 24 h after the onset of inhibition of the
actin cytoskeleton (Hofmann et al., 2009). Collectively, these data
indicate that movement occurs primarily along the ER though with
assistance by the actin network. The interaction of the protein
with MTs plays a role during early infection when ER-membrane-
associated VRCs localize to local intersections of MTs with the ER
((Boyko et al., 2007), reviewed in (Niehl et al., 2013b; Peña and
Heinlein, 2013)). These sites, recently termed “cortical MT-
associated ER sites” (C-MERs), are proposed to function as speciﬁc
platforms for the recruitment of host factors and membranes in
order to facilitate the maturation of the VRCs into movement-
competent VRCs and, later, into virus factories (Peña and Heinlein,
2013). Upon formation, the MP-tagged VRCs are visualized as very
small cortical particles that either remain attached to C-MERs or
get detached to move in a directional stop-and-go fashion
between C-MERs, in a manner depending on a dynamic actin
and MT cytoskeleton (Boyko et al., 2007; Kawakami et al., 2004;
Sambade et al., 2008). At PD, the MP facilitates the spread of VRCs
into the adjacent cell by directly or indirectly causing an increase
in the size exclusion limit (SEL) of the channel, presumably by a
mechanism that involves the recruitment or activation of beta-
glucanase to degrade SEL-restricting callose deposits in the PD
neck regions (Beffa et al., 1996; Iglesias and Meins, 2000; Ueki et
al., 2010; Zavaliev et al., 2013). Consistent with being VRCs in
nature, the formation of the mobile MP particles is correlated with
MP function in virus movement (Boyko et al., 2007; Sambade et
al., 2008) and MP-particles contain replicase in early stages of
infection (Asurmendi et al., 2004; Szécsi et al., 1999). During late
infection stages, VRCs remaining in the infected cell may grow into
virus factories that produce progeny virus (Asurmendi et al., 2004;
Heinlein et al., 1998; Tilsner et al., 2009). Over time, the MP leaves
the factories and accumulates along MTs to which the virus
factories are aligned before it is ﬁnally degraded (Gillespie et al.,
2002; Heinlein et al., 1995, 1998; Más and Beachy, 1999; Niehl et
al., 2012, 2013a). However, accumulation of MP along MTs at late
infection stages is dispensable for virus movement (Gillespie et al.,
2002; Heinlein et al., 1998; Kawakami et al., 2004; Niehl et al.,
2012; Szécsi et al., 1999). Whether the accumulation of MP along
MTs plays a regulatory role or only reﬂects the functional MT-
interacting activity of the protein playing a role during earlier
stages is not known.
Although the model for tobamovirus movement is built on an
extensive amount of observations from different laboratories, it is
currently largely limited to TMV. Thus, it remains uncertain
whether the speciﬁc interactions of the MP with host factors and
the speciﬁc importance of these interactions for viral spread also
apply to other tobamoviruses and to macromolecular transport in
general. In an attempt to compare the requirements for cytoske-
letal elements for different tobamoviruses, it has been shown that
the distantly TMV-related, but closely ORMV-related Arabidopsis-
infecting tobamovirus Turnip vein clearing virus (TVCV) does not
require the actomyosin system for spread (Harries et al., 2009),
indicating that the TMV-based model might not be fully transfer-
able to other tobamoviruses and to other plant species. In support
of this notion, it was very recently shown that MPTVCV does not
accumulate along MT, and requires nuclear localization to mediate
efﬁcient cell-to-cell movement of the virus (Levy et al., 2013).
To further dissect differences and similarities in the movement
of tobamoviruses, we here investigated the subcellular localization
and activity of the MP of Oilseed rape mosaic virus (ORMV, also
called Youcai mosaic virus or Chinese rape mosaic virus, or TMV-Cg).
Whereas TMV belongs to subgroup 1 of the tobamoviruses, which
causes disease in solanacious species, ORMV, like TVCV, belongs to
the viruses of subgroup 3 that cause symptoms in crucifers and are
commonly used virus models for studies in Arabidopsis (Lartey et
al., 1996). We show here that the MP of ORMV forms particles that
move along the ER–actin network and in association with C-MERs
like the MP of TMV, thus indicating a general role of C-MERs in
viral transport. The results also indicate that the accumulation of
MP in viral factories and along MTs is dispensable for virus
movement and may rather restrict the spread of the virus.
Results
MPORMV complements TMV movement
Previous research indicated that MPTMV-Cg (TMV-Cg is very
similar to ORMV (Gibbs et al., 2008)) can complement MPTMV
movement in trans in tobacco, and chimeric TMV constructs
expressing MPTMV-Cg and MPORMV were shown to spread efﬁciently
in tobacco (Diaz-Griffero et al., 2006) and to infect N. benthamiana
and Arabidopsis (Mansilla et al., 2009). In order to compare the
function of MPORMV with that of MPTMV, we ﬁrst established that
also our MPORMV was able to functionally complement a MP-
deﬁcient TMV derivative for movement. N. benthamiana leaves
were infected with a movement deﬁcient, ﬂuorescent TMV (TMV-
ΔMPΔCP-GFP) and agroinﬁltrated at 1 day post inoculation (dpi)
to express either MPTMV:RFP or MPORMV:RFP, or free RFP as control.
Whereas expression of either MPTMV:RFP or MPORMV:RFP led to the
formation of expanding GFP-ﬂuorescent infection sites at 5 dpi,
Fig. 1. MPORMV trans-complements MP-deﬁcient TMV for movement. N. benthamiana leaves infected with TMVΔMPΔCP-GFP and agroinﬁltrated to express either MPTMV:RFP
(left), MPORMV:RFP (center), or RFP (right), at 5 dpi. Images show GFP ﬂuorescence. Scale bars, 100 μm.
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Fig. 2. Comparison of MPORMV- and MPTMV-expressing TMV infection sites. (A) schematic presentation of the TMV constructs. The constructs are identical except for MP and
contain the TMV 5' and 3' sequences, TMV replicase and either the MPTMV or MPORMV fused to eGFP. (B and C) Representative infection sites of TMV-MPTMV:GFPΔCP (B) and
TMV-MPORMV:GFPΔCP (C, C') in N. benthamiana at 6 dpi. Images in B and C were taken with identical acquisition times. Image in C’ was taken with a longer acquisition time
than those in B and C to better visualize infection sites produced by TMV-MPORMV:GFP. Scale bars, 1 mm. (D,E) Sizes of TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP
infection sites and their ﬂuorescence intensity at 6 dpi. Mean values7standard deviation (SD) are shown. The sizes of infection sites and ﬂuorescence intensities were
measured using six different leaves carrying TMV-MPTMV:GFPΔCP infection sites on one half of the leaf and TMV-MPORMV:GFPΔCP on the other half. Mean values and SD
values are derived from of 3 to 14 individual infection sites per leaf half. (D) At 6 dpi, TMV-MPORMV:GFPΔCP infection sites were 1.98 times (po0.01, Student's t-test) larger
than TMV-MPTMV:GFPΔCP infection sites. (E) At 6 dpi, TMV-MPORMV:GFPΔCP infection sites were signiﬁcantly (po0.001, Student's t-test) less ﬂuorescent than TMV-MPTMV:
GFPΔCP infection sites. AU, arbitrary units. (F) Analysis of MP accumulation in TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP infection sites at 6 dpi. Protein extracts of N.
benthamiana leaf samples carrying three individual TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP infection sites were analyzed by western blot using GFP-speciﬁc
antibodies. Two independent samples for each virus are shown. (G) Quantiﬁcation of TMV RNA accumulation in TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP infection
sites at 6 dpi. The number of TMV RNA copies per ng total RNA7SE is shown. RNAwas isolated from similar amounts of leaf material carrying three individual infection sites
per sample. N¼11 samples were analyzed per viral construct. The amount of viral RNA accumulating in TMV-MPORMV:GFPΔCP infection sites was 3.65 times (po0.05,
Student's t-test) larger than the amount of viral RNA accumulating in TMV-MPTMV:GFPΔCP infection sites. (H) Quantiﬁcation of TMV RNA accumulation in TMV-MPTMV:
GFPΔCP- and TMV-MPORMV:GFPΔCP-infected cells. The number of TMV RNA copies per ng total RNA and cell7SE is shown. As a factor of 1.98 fold change in infection site
area (shown in D) translates into 3.9 times more cells infected, copies of TMV RNA per ng total RNA of TMV-MPORMV:GFPΔCP infected samples (shown in G) were divided by
a factor of 3.9. The amount of TMV RNA per cell was similar (p¼0.82, student's t-test) for TMV-MPORMV:GFPΔCP and MPTMV:GFPΔCP infected samples. (I) Analysis of TMV
replicase accumulation in TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP infection sites at 6 dpi. Protein extracts of N. benthamiana leaf samples carrying three individual
TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP infection sites were analyzed by western blot using TMV-replicase-speciﬁc antibodies. Two independent samples for each
virus are shown. (J) Western blot analysis of MP:GFP accumulation upon ectopic expression of MPTMV:GFP or MPORMV:GFP in N. benthamiana leaves at 2 days post
agroinﬁltration (dpa). (K) Western blot analysis of MPORMV:GFP accumulation upon ectopic expression of MPORMV:GFP or MPORMV:GFP in the absence and presence of co-
expressed silencing suppressor P19 in N. benthamiana leaves at 2 dpa. (L) Western blot analysis of MPORMV:GFP accumulation upon ectopic expression in N. benthamiana
leaves at 2 dpa without and with application of 100 μM MG132 for 5 h. As loading control for western blots, a portion of the Coomassie-stained membrane is shown.
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only single infected cells were observed in leaves inﬁltrated with free
RFP (Fig. 1). Thus, the MPORMV shares with the MPTMV the funda-
mental functions that are needed to facilitate TMV movement.
MPORMV permits faster TMV movement than MPTMV
Next, we wanted to compare the efﬁciency by which MPORMV
and MPTMV facilitate TMV movement. As a direct approach, we
generated TMV constructs expressing either the MPORMV or the
MPTMV as GFP fusions (TMV-MPORMV:GFPΔCP and TMV-MPTMV:
GFPΔCP; Fig. 2A). These constructs are identical except for the
respective MP. Following inoculation of N. benthamiana leaves
both TMV constructs replicated and spread between cells leading
to the formation of radially expanding ﬂuorescent infection sites.
However, the infection sites of TMV-MPORMV:GFPΔCP were less
ﬂuorescent than infection sites of TMV-MPTMV:GFPΔCP and, at the
same time, also approximately 2-fold larger (Fig. 2B–E). Consistent
with the weak ﬂuorescence of the TMV-MPORMV:GFPΔCP infection
sites, the total level of MPORMV:GFP produced in the larger TMV-
MPORMV:GFPΔCP infection sites was equal to the total level of
MPTMV:GFP produced in the smaller TMV-MPTMV:GFPΔCP
infection sites (Fig. 2F). Quantiﬁcation of viral RNA in individual
infection sites by qRT-PCR using primers amplifying fragments in
the viral RdRP gene (Mansilla et al., 2009) showed that the larger
weakly ﬂuorescent TMV-MPORMV:GFPΔCP infection sites con-
tained signiﬁcantly more viral RNA than the smaller strongly
ﬂuorescent TMV-MPTMV:GFPΔCP infection sites (Fig. 2G). However,
normalizing the amount of viral RNA to the size of the infection sites
revealed that the two types of infection sites contained similar viral
RNA levels per cell (Fig. 2H). Consistent with the observation that the
amount of viral RNA correlates with the size of the infection site, the
larger weakly ﬂuorescent TMV-MPORMV:GFPΔCP infection sites con-
tained more replicase protein than the smaller highly ﬂuorescent
TMV-MPTMV:GFPΔCP infection sites (Fig. 2I). These observations
indicate that exchanging the MPTMV for the MPORMV strongly alters
the efﬁciency of TMV movement but does not alter the replication
efﬁciency of TMV in the infected cell. Thus, it appears that the
relatively low steady state accumulation level of the MPORMV:GFP in
infected cells is not caused by low viral replication efﬁciency but is
rather due to an intrinsic feature of the protein. Moreover, the results
indicate that the MPORMV:GFP allows much faster cell-to-cell move-
ment of the virus than MPTMV:GFP.
Fig. 3. Subcellular localization of MPORMV in comparison to MPTMV. (A–C) MPTMV:GFP localization in TMV-MPTMV:GFPΔCP infection sites in N. benthamiana. MPTMV:GFP
localizes to PD (A, arrows), small, cortical particles/early VRCs (B, arrows), small and large inclusion bodies/late VRCs (C, arrow), and along ﬁlaments, presumably
microtubules (C, arrowhead). D to G, subcellular localization of MPORMV:GFP in N. benthamiana. (D and E) MPORMV:GFP localization in TMV-MPORMV:GFPΔCP infection sites.
MPORMV:GFP localizes to punctate structures (likely PD) at the cell wall (D, arrows), and small cortical particles/early VRC, (E, arrows). (F and G) MPORMV:GFP localization
in ORMV-MP:GFP infection sites. MPORMV:GFP localizes to punctate structures (likely PD) at the cell wall (F, arrows), and small, cortical particles/early VRCs (G, arrows).
All images are confocal optical sections. Scale bars, 10 mm.
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Ectopically expressed MPORMV accumulates to lower steady state
levels than MPTMV and is sensitive to degradation
If the low steady state accumulation level of MPORMV during
infection was an intrinsic feature of the protein one should expect
a similar low level upon ectopic expression. As is shown in Fig. 2J,
ectopically expressed MPORMV:GFP indeed accumulated to lower
levels than ectopically expressed MPTMV:GFP at 2 dpi. The treat-
ment of the MPORMV:GFP-expressing tissues with MG132 for
inhibition of the 26S proteasome and also the co-expression of
the protein together with the tombusvirus silencing suppressor
P19 resulted in increased MPORMV:GFP levels (Fig. 2K and L). Thus,
both post-transcriptional RNA silencing and post-translational
proteasome-mediated protein degradation contribute to control-
ling the level of MPORMV expression.
Comparison of the subcellular localization of MPTMV and MPORMV
To investigate the mechanism underlying the different efﬁ-
ciency by which the MPORMV:GFP and the MPTMV:GFP support
TMV cell-to-cell spread, we compared the subcellular localizations
of both proteins between TMV-MPTMV:GFPΔCP and TMV-MPORMV:
GFPΔCP infection sites produced in N. benthamiana leaves. MPTMV:
GFP expressed from TMV-MPTMV:GFPΔCP localized to the same
subcellular sites as previously described for various TMV con-
structs expressing the MPTMV fused to ﬂuorescent proteins
(Heinlein et al., 1995, 1998; Padgett et al., 1996; Reichel and
Beachy, 1998). In detail, MPTMV:GFP expressed from TMV-MPTMV:
GFPΔCP accumulated at PD, as well as in small cortical particles
(early VRCs) in cells at the infection front (early infection, Fig. 3A
and B), and in large inclusions (presumably virus factories, late
VRCs) and along ﬁlaments (presumably microtubules), in cells
behind the infection front (late infection) (Fig. 3C). In contrast to
MPTMV:GFP, and consistent with lower expression levels, MPORMV:
GFP did not exhibit any accumulation along ﬁlaments or a
signiﬁcant labeling of virus factories in cells behind the infection
front. However, like MPTMV:GFP, this protein localized to PD as well
as to small, cortical particles (Fig. 3D and E). Similar subcellular
localizations of the MPORMV:GFP were obtained when the protein
was expressed in its native context, i.e. during infection from
ORMV (ORMV-MP:GFP; Fig. 3F and G), demonstrating that the
speciﬁc accumulation patterns of MPORMV:GFP to PD and small
cortical particles are indeed intrinsic to the protein and not caused
by other viral factors.
Co-expression of MPORMV:GFP with the PD marker
PLASMODESMATA-LOCATED PROTEIN 1 (PDLP:RFP) conﬁrmed
the localization of MPORMV:GFP to PD (Fig. 4A–C). Interestingly,
some of the PDLP:RFP signal colocalized with the small cortical
MPORMV:GFP particles (Fig. 4D–F). Time-lapse imaging of the small
cortical MPORMV:GFP particles revealed that they may remain
stationary over time (Fig. 5Aa–Ab, circles) or show mobility along
invisible tracks (Fig. 5Ac–Ae, circles, movie S1). Co-expression of
the ER marker ER-mCherry (Nelson et al., 2007) showed that the
small cortical particles exhibited stop-and go movements in
association with the ER network (Fig. 5B, blue arrowheads, movie
S2). Similar movements were observed for the small, cortical
particle movements formed by MPORMV:GFP during infection
(TMV-MPORMV:GFPΔCP; movie S3). As intracellular movement of
PDLP requires myosin motors and an intact actin network (Amari
et al., 2011) and also the movement of the ER is actomyosin
dependent (Ueda et al., 2010), it appeared likely that movement of
the small cortical MPORMV particles was supported by the acto-
myosin network. To directly test this hypothesis, we conducted
time-lapse imaging of the cortical MPORMV:RFP particles in trans-
genic N. benthamiana plants expressing the actin binding domain
2 of Arabidopsis ﬁmbrin fused to GFP (ABD:GFP) (Hofmann et al.,
2009). The typical stop-and-go movements of the small MPORMV:
RFP particles occurred along or in the vicinity of actin ﬁlaments
(Fig. 5C, pink, blue and white arrowheads, movie S4), thus
suggesting that ER-associated movement of the particles was
supported by active actomyosin-mediated transport. Further ana-
lysis of these ER-associated movements of the small, cortical
MPORMV:GFP particles in the presence of the MT marker RFP:
MAP4–MBD demonstrated that the movements occur in associa-
tion also with MTs. The particles were indeed observed to move
along MTs (Fig. 5Da–Dc, pink arrowheads, movie S5), to pause in
proximity to MT branch points, (Fig. 5Dd–Dg, pink arrowheads;
Fig. 4. MPORMV co-localizes with the PD marker PDLP1. (A–C) MPORMV:GFP localizes to PD as shown by coexpression of the PD marker PDLP:RFP (arrows). (A) GFP channel;
(B) RFP channel; (C) merge. (D–F) Small, cortical particles labeled with MPORMV:GFP also contain PDLP:RFP (arrows). (D) GFP channel; (E) RFP channel; (F) merge. Scale bars,
10 mm.
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Fig. 5. Small, cortical MPORMV particles are mobile. (Aa–Ae) Cortical CLSM images taken from a time-lapse video showing ectopically expressed MPORMV:GFP in green and
PDLP:RFP in red. A particle labeled with both MPORMV:GFP and PDLP:RFP (encircled) is followed over time. The encircled particle ﬁrst remains stationary (Aa and Ab) and then
moves along invisible tracks (Ac–Ae). Scale bar, 10 μm. (Ba–Bh) Cortical CLSM images taken from a time-lapse video showing ectopically expressed MPORMV:GFP in green and
ER-mCherry in red. The small, cortical MPORMV:GFP-containing particles are in part stationary (white arrowheads) and in part mobile (blue arrowheads). The mobile particle
fraction moves along the ER. Scale bar, 10 μm. (Ca–Ch) Cortical CLSM images taken from a time-lapse video showing ectopically expressed MPORMV:RFP in ABD:GFP transgenic
plants. The particles move along actin ﬁlaments (white and pink arrowheads) or show a more spatially restricted behavior in the vicinity of actin ﬁlaments (blue
arrowheads). Scale bar, 10 μm. (Da–Dh) The ER-associated MPORMV:GFP particles are also associated with MTs and thus mark the location of MT-associated ER sites (C-MERs).
The cortical CLSM images were taken from a time-lapse video showing ectopically expressed MPORMV:GFP in green and RFP:MAP4–MBD in red. The mobile particles move in
alignment to MTs (Da–Dc, pink arrowheads), pause at MT branchpoints (white arrowheads; Dd–Dg, pink arrowheads) or move between MTs (Dh, pink arrow). Arrowheads
mark the position of the MPORMV:GFP particle in each time frame. Scale bar, 5 μm. Times in seconds are indicated in the images.
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Fig. 5, white arrowheads, movie S5), or to move from one MT to
the next (Fig. 5Dh, pink arrow, movie S5). Such ER-associated
motile behavior resembles the movements of small cortical
particles between MT-ER junctions (C-MERs) previously observed
for MPTMV:GFP indicating that the movements of the MPORMV:GFP-
associated small cortical particles and the MPTMV:GFP-associated
small cortical particles are of similar nature. The MPORMV particles
do not colocalize with the endosomal marker Ara7-RFP (Ueda et
al., 2004), thus arguing against the possibility that these particles
represent late endocytic vesicles (Fig. S1A–F). The subcellular
localization pattern of MPORMV was similar irrespective whether
fused to GFP or RFP (data not shown) and MPORMV:RFP localized
together with MPORMV:GFP when co-expressed (Fig. S1G–L).
MPORMV multimerizes in vivo
Previously, it was demonstrated that MPTMV forms homo-
oligomers in vitro and in vivo (Boutant et al., 2010; Brill et al.,
2004, 2000). Given the similar subcellular behavior of MPTMV:GFP
and MPORMV:GFP, we wondered whether also the MPORMV would
form oligomers, and whether the interaction between the mono-
mers might involve binding to the same RNA molecule. FLIM-FRET
analysis revealed signiﬁcant decreases in ﬂuorescence lifetime
from 2.4870.11 to 2.0170.09 ns and hence 19% FRET between
the GFP and RFP moieties of MPORMV:GFP and MPORMV:RFP at PD
compared to MPORMV:GFP expressed alone (Fig. 6A). Thus,
MPORMV:GFP is capable of forming homo-oligomers with itself like
MPTMV, and exists in oligomeric form when localized to PD.
Moreover, immunoprecipitation of MPORMV:RFP led to co-
precipitation of MPORMV:GFP irrespective of RNAse treatment
(Fig. 6B) indicating that the oligomerization of MPORMV is caused
by protein:protein interactions and is independent of the presence
of RNA.
Discussion
In the present study, we characterized the movement function
and subcellular localization of MPORMV in comparison to MPTMV
with the aim to determine whether our model for TMV movement,
which involves the ER–actin-dependent transport of MP-
associated VRCs between MT-associated ER sites (C-MERs)
(Boyko et al., 2007; Harries et al., 2009; Liu and Nelson, 2013;
Niehl et al., 2013b; Peña and Heinlein, 2013; Sambade et al., 2008;
Wright et al., 2007) also applies to ORMV. We chose to address the
localization and activity of MPORMV since TMV and ORMV belong
to different and distantly related subgroups of tobamoviruses.
Whereas TMV belongs to subgroup 1 viruses primarily infecting
Solanaceous species, ORMV belongs to subgroup 3 viruses, which
efﬁciently infect also the Cruciferae, including Arabidopsis thaliana,
the predominant plant model for functional genomic studies
(Aguilar et al., 1996; Lartey et al., 1996; Mansilla et al., 2009)
(Fig. S2). Although MPORMV shares only 36% amino acid sequence
identity with MPTMV, it is able to complement for movement of
MP-deﬁcient TMV and thus likely supports viral RNA movement
by a mechanism shared with TMV ((Diaz-Griffero et al., 2006;
Mansilla et al., 2009), data presented here). We demonstrate that
MPORMV and MPTMV exhibit partly different but also partly shared
accumulation and localization patterns. Unlike MPTMV, MPORMV
does not accumulate to the levels of MPTMV and also does not
show any accumulation along MTs nor a strong accumulation in
large viral factories. In agreement with a recent study investigating
the localization of MPTVCV, a tobamovirus closely related to ORMV
(Levy et al., 2013), and earlier studies on TMV (Gillespie et al.,
2002; Heinlein et al., 1998; Padgett et al., 1996), these results
demonstrate that accumulation of MP along MT is not required for
viral RNA movement. Moreover, these results indicate that neither
high expression levels nor the accumulation of MP in large viral
factories are conserved features required by tobamoviruses for
viral RNA movement. However, both, TMV and ORMV MP share
the association with small cortical particles that move along the
ER–actin-network between C-MERs, thus suggesting that this
localized and directional trafﬁcking behavior plays an important
role during the process of virus movement. This idea is further
supported by the ﬁnding that MPORMV mutants, which have lost
the ability to form cortical particles, also do not accumulate at PD
(Fig. S3). These mutants contained deletions and/or insertions of
parts of the MPTMV sequence at the N- or C-terminus of the
MPORMV, thus they were mutated in the MPORMV residues corre-
sponding to MPTMV residues known to modify MT association and
PD targeting (Boyko et al., 2000a, 2000c; Niehl et al., 2012). The
fact that MPTMV and MPORMV associate with small cortical particles
when ectopically expressed as well as during infection may hint to
a viral association with an endogenous pathway that also trans-
ports other RNA and protein macromolecules.
MP overaccumulation may inhibit virus movement
The ability of MPTMV to form small cortical particles at the ER
has been correlated with MP function in TMV movement (Boyko et
al., 2007; Sambade et al., 2008) whereas the over-accumulation of
MPTMV along MTs and in viral factories occurs in cells behind the
infection front and is, therefore, likely dispensable for movement
(Heinlein et al., 1998; Padgett et al., 1996). These over-
accumulation patterns may even play an inhibitory role during
virus movement. Indeed, the fact that viral proteins over-
accumulate during infection is currently discussed as a means of
the virus and the host to regulate infection (Harries et al., 2010; Liu
and Nelson, 2013; Niehl et al., 2013a, 2013b; Ye et al., 2011). With
respect to MPTMV, previous studies correlated the accumulation of
MPTMV in virus factories with slow TMV movement at low
temperature (Boyko et al., 2000a) as well as with inhibited
movement of temperature-sensitive TMV at non-permissive tem-
perature (Boyko et al., 2000, 2007). The accumulation along MTs
by MPTMV was shown to interfere with kinesin-mediated motility
(Ashby et al., 2006), the movement of MPTMV particles (Boyko et
al., 2007), and virus movement (Chen et al., 2005; Curin et al.,
2007; Niehl et al., 2012). Moreover, a TMV variant showing
reduced accumulation of MP along MTs exhibited increased cell-
to-cell movement properties (Gillespie et al., 2002). Consistent
with these ﬁndings, we show here by comparison of TMV-
MPORMV:GFPΔCP and TMV-MPTMV:GFPΔCP infection sites that
the MPORMV, which accumulates to low levels and does not
accumulate in virus factories and along MTs, provides more
efﬁcient cell-to-cell movement of TMV than its own MP, which
accumulates to high levels. These observations substantiate the
idea that indeed overaccumulation of MP in virus factories or
along MTs may negatively regulate virus movement. Given that
the MPs undergo-self-interactions and form oligomers, high
expression levels may lead to the formation of protein aggregates.
Consistently, our results indicate that the level of MPORMV, which
does not overaccumulate and is highly active, is tightly controlled
by post-transcriptional and post-translational mechanisms, which
may keep the MP in a functional state.
Taken together, our data allow the drawing of a generalized
model for tobamovirus movement (Fig. 7). The VRCs that entered
the primary infected cell associate with MT–ER junctions (C-MERs)
and undergo initial viral RNA replication and maturation into
movement-competent VRCs. Subsequently, some of these
movement-competent VRCs are detached from the C-MER and
move in association with the ER–actin network between C-MERs
towards PD and into adjacent cells to reinitiate the same process
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and spread infection. This model is consistent with previous
ﬁndings demonstrating that formation of cortical MPTMV particles
and TMV spread depend on dynamic MTs (Boyko et al., 2000,
2007; Ouko et al., 2010) and that PD-targeting of TMV VRCs and
spread of infection depends on the ER and on the actin network
(Harries et al., 2009; Hofmann et al., 2009; Kawakami et al., 2004;
Liu et al., 2005; Wright et al., 2007). As movement of the ORMV-
related subgroup I tobamovirus TVCV appears to be independent
of an intact actomyosin cytoskeleton (Harries et al., 2009), and also
TMV movement occurs independent of actin within the ﬁrst 24 h
of actin inhibition (Hofmann et al., 2009), tobamovirus intra- and
intercellular movement likely occurs primarily along the ER.
Dependence of tobamovirus movement on the actomyosin net-
work appears to be indirect as actomyosin supports movement of
the ER (Sparkes et al., 2009; Ueda et al., 2010). The generalized
model for tobamovirus movement we present here is likely valid
for different host species, as MPORMV exhibited similar subcellular
localizations in N. benthamiana and Arabidopsis (Fig. S4). Our
study establishes a link between genomic studies using ORMV
and similar tobamoviruses in Arabidopsis with the cell biology
established for TMV. A more general model for tobamovirus
movement may facilitate the interpretation and further analysis
Fig. 6. MPORMV oligomerizes in vivo. (A) FRET-FLIM analysis demonstrates interaction of MPORMV:GFP with MPORMV:RFP. GFP ﬂuorescence lifetime is depicted in color code.
The ﬂuorescence lifetime of MPORMV:GFP in the nucleoplasm and PD (arrow) is 2.48 ns (yellow). In the presence of MPORMV:RFP as FRET acceptor, the MPORMV:GFP
ﬂuorescence lifetime drops to 2.01 ns (green), which translates to 19% FRET efﬁciency and is indicative for interaction of the two proteins. PD localization is shown by an
arrow. Fluorescence lifetime was measured in a total of 106 (MPORMV:GFP) and 58 (MPORMV:GFPþMPORMV:RFP) different measurements in several different samples. Scale
bars, 10 μm. (B) Co-immunoprecipitation (co-IP) conﬁrms interaction between MPORMV:GFP and MPORMV:RFP. Protein extracts of leaves co-expressing MPORMV:RFP and
MPORMV:GFP or MPORMV:RFP and free GFP were used for co-IP. Protein extracts were treated or not treated with RNAse during sample preparation and incubation on beads.
RFP-fused proteins were immunoprecipitated using RFP-traps and detected with an RFP-speciﬁc antibody (IP). Expression levels of the co-expressed proteins were analyzed
using a GFP-speciﬁc antibody (Input). MPORMV:GFP and GFP that co-immunoprecipitated with MPORMV:RFP were detected with a GFP-speciﬁc antibody (Co-IP).
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of experimental results obtained in different hosts. Further studies
may reveal whether the movement of VRCs between C-MERs
reﬂects a general mechanism for macromolecular transport in
the plant cell cortex.
Materials and methods
Plant growth and virus infection
N. benthamiana plants were grown from seeds on soil under
16 h/8 h light/dark cycles at 22 1C/18 1C. Expanding leaves of four
to ﬁve weeks old plants were rub-inoculated with infectious in-
vitro transcripts (RiboMAX, Promega) of TMV-MPTMV:GFPΔCP,
TMV-MPORMV:GFPΔCP, ORMV-MP:GFP, or TMV-ΔMPΔCPGFP.
DNA constructs
Binary plasmid vectors for transient, 35S promoter-driven
protein expression in plants were generated by GATEWAY tech-
nology (Invitrogen). p35S::MPORMV:GFP was created by PCR ampli-
ﬁcation of the MPORMV open reading frame from ORMV (U30944.1)
cDNA and recombination into pDONR/Zeo (Invitrogen). Following
DNA sequence conﬁrmation, the entry clone was recombined into
the pK7FWG2 destination vector to generate p35S::MPORMV:GFP.
Binary plasmid vectors for 35S-driven expression of MPORMV:RFP,
MPTMV:RFP, MPTMV:GFP, RFP, P19, PDLP1:RFP, RFP-MAP4-MDB, and
ER-mCherry were described previously (Amari et al., 2010;
Boutant et al., 2010; Brandner et al., 2008; Nelson et al., 2007;
Niehl et al., 2012; Voinnet et al., 2003; Van Damme et al., 2004).
The construction of TMV-ΔMPΔCP-GFP has been described
previously (pTMV-ΔM-GFP plasmid) (Vogler et al., 2008). To
generate pTMV-MPTMV:GFPΔCP and pTMV-MPORMV:GFPΔCP plas-
mids for in vitro transcription of infectious viral RNA, the MPTMV:
GFP- and MPORMV:GFP-encoding DNA sequences were PCR-
ampliﬁed from GATEWAY MPTMV:GFP and MPORMV:GFP plasmids
using primers containing PvuII (forward, MPORMV), HpaI (forward,
MPTMV) and EagI (reverse) restriction sites. The PCR-products were
subcloned into the pGEM-T easy vector (Promega) and sequenced.
The MPORMV:GFP- and MPTMV:GFP-encoding fragments were
excised using the speciﬁc restriction sites and inserted into the
EcoRV-EagI- pre-digested pTMV-ΔM-GFP plasmid (Vogler et al.,
2008).
To generate the pORMV-MP:GFP plasmid, a 960 bp fragment
between the SpeI restriction site in the ORMV replicase and the
end of the MP in the pORMV infectious cDNA clone (kindly
provided by Dr. Greg Pogue, IC² Institute, University of Texas) were
ampliﬁed by PCR. In parallel, the MPORMV:GFP-encoding DNA
sequence was PCR ampliﬁed from the MPORMV Gateway construct
and a BspHI restriction site inserted at the 3'end. Subsequently, the
two PCR products were joined by overlap extension PCR using SpeI
and BspHI primers. Finally, the resulting SpeI-replicase-MPORMV:
GFP-BspHI PCR fragment was cut with SpeI and BspHI, and
inserted into SpeI-NcoI digested pORMV.
Quantiﬁcation of virus accumulation
To quantify TMV accumulation in TMV-MPTMV:GFPΔCP and
TMV-MPORMV:GFPΔCP within infection sites in leaves, single
infection sites at 6 dpi were excised from inoculated leaves under
a microscope, and RNA extracted with the TRI-Reagents (MRC)
from three pooled individual infection sites per biological
replicate.
Approximately 50 ng of total RNA were analyzed in duplicates
by qRT-PCR using speciﬁc primers for TMV RNA and TMV-speciﬁc
6-carboxyﬂuorescein (FAM)-labeled probe. Primer and probe
sequences have been previously described (Mansilla et al., 2009).
TMV primers amplify a region coding for the RNA-dependent RNA
polymerase (RdRp) domain of the 183 kDa replicase. The 15 μl
qRT-PCR was mixed to detect TMV contained 0.3 μM primer,
0.15 μM FAM-TMV probe, 0.15 μl Superscript III (Invitrogen),
0.175 μl RNAse Out (Invitrogen), 7.5 μl 2 LC 480 Master Mix
(Roche) and 50 ng total RNA. qRT-PCR conditions were 50 1C for
30 min for reverse transcription, denaturation at 95 1C for 10 min,
and 40 cycles of 95 1C for 2 s, 55 1C for 10 s, and 60 1C for 15 s.
Copies of viral RNA per ng total RNA were calculated in reference
to a TMV standard curve with known concentrations. Eleven
biological replicates of TMV-MPTMV:GFPΔCP and TMV-MPORMV:
GFPΔCP infection sites, respectively were analyzed to calculate
mean values and standard errors (SE). The statistical signiﬁcance
for differences between mean values was determined by applying
the unpaired, two-tailed student's t-test.
Transient protein expression
To express ﬂuorescent protein fusions in plants, Agrobacterium
tumefaciens strain LBA4404 or GV3101 were transformed with
35S-driven binary expression vectors. The bacteria were syringe-
inﬁltrated into N. benthamiana wild-type or ABD:GFP transgenic
plants (Hofmann et al., 2009) or Arabidopsis thaliana efr1 (Zipfel et
al., 2006) leaf tissues with a ﬁnal OD600 of 0.3. For protein
coexpression experiments, agrobacteria suspensions were mixed
Fig. 7. Generalized model for tobamovirus movement. Tobamovirus movement occurs in form of VRCs moving in association with the ER. The ER-associated movement is
assisted by active actomyosin-mediated transport and dynamic MTs. While actin ﬁlaments and their myosin motor proteins support movement along the ER, ER–MT
junctions (C-MERs) provide anchorage and pausing points at which the VRCs assemble in exchange with cellular factors. Green arrows indicate moving VRCs, red handles
indicate pausing VRCs.
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(1:1) before inﬁltration. Expression of the agroinﬁltrated con-
structs was observed between 30 and 48 h after inﬁltration by
ﬂuorescence microscopy.
Drug treatments
For proteasome inhibition experiments, N. benthamiana leaf
samples ectopically expressing MPORMV:GFP for 2 days were
vacuum-inﬁltrated with 100 μM MG132 or with water–DMSO as
control and kept in respective solutions for 5 h.
Analysis of TMV-MPTMV:GFPΔCP and TMV-MPORMV:GFPΔCP
movement
Four to six weeks old N. benthamiana plants were mechanically
inoculated with in vitro-transcribed TMV-MPTMV:GFPΔCP and
TMV-MPORMV:GFPΔCP on opposite halves of the same leaves. At
6 dpi, images of the ﬂuorescent infection sites were taken under
the microscope (Nikon) under UV illumination with identical
exposure time. Size and ﬂuorescence intensity of infection sites
were analyzed by measuring the area and mean pixel intensity
using Image J (http://rsbweb.nih.gov/ij/) software.
Confocal laser scanning microscopy
Leaf samples were mounted on a microscope slide, vacuum-
inﬁltrated with water and epidermal cells imaged by confocal laser
scanning microscopy (CLSM). CLSM was performed using a Zeiss
LSM510 or Zeiss LSM700 laser scanning confocal microscope. The
Zeiss LSM510 was used with a C-Apo-chromat (631.2 W Korr)
water objective lens in multitrack mode. The Zeiss LSM700 was
used with oil objective lenses (63 or 40 ) in multitrack mode.
Excitation/emission wavelengths were 488 nm/505–545 nm for
GFP and 543 nm/585–615 nm (LSM510) or 555 nm/585–615 nm
(LSM700) for RFP. Images were acquired using Zeiss LSM software
and processed with Adobe Photoshop and Image J software.
Time-correlated single photon-counting ﬂuorescence lifetime
imaging microscopy (FLIM) measurements were performed as
previously described (Boutant et al., 2010; Brandner et al., 2008;
Niehl et al., 2012). Data were analyzed using SPCImage V2.8
software (Becker and Hickl). FRET efﬁciency was calculated
according to: E¼(R06/(R06þR6))¼1(τfret/τfree), where R0 is the
Förster radius, R is the distance between donor and acceptor
molecules, τfret the donor lifetime in presence of the acceptor
and τfree the donor lifetime in the absence of the acceptor.
Co-immunoprecipitation
Co-immunoprecipitation (co-IP) was performed with magnetic
RFP-trap beads (ChromoTek) according to the manufacturer's
recommendations with minor modiﬁcations. N. benthamiana leaf
material coexpressing MPORMV:RFP with MPORMV:GFP or MPORMV:
RFP with free GFP for 1.5 d were used for co-IP. Samples were
ground to ﬁne powder in liquid N2 and vortexed with 1 volume (v/
v) of lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 0.5% Nonidet P-40, and 1 Protease inhibitor cocktail
(Roche)). Samples were subsequently incubated in lysis buffer on
ice for 30 min and cleared by ﬁltration through Miracloth. After
ﬁltration, the input control was withdrawn and the samples were
divided into four 500 μl aliquots, two for RNA analysis and two for
protein analysis. Each aliquot was diluted 1:1 (V/V) with dilution
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and
1 Protease inhibitor cocktail (Roche)), and 200 U of RNase A and
100 U of RNase T1 (RNase A/T1 Mix, Fermentas) added to two of
the aliquots. One of the RNase-treated and one of the untreated
samples were incubated with 20 μl equilibrated RFP-trap beads for
2 h at 4 1C and gently end-over mixed for protein analysis.
The other aliquots of RNase-treated and untreated samples
were incubated in parallel without beads and used for RNA
extraction using Tri-reagent (Roche). The RNA was quantiﬁed by
absorbance at 260 nm and its integrity determined by agarose gel
electrophoresis. The RNAse-treated samples did not contain sig-
niﬁcant amounts of RNA as opposed to untreated samples.
Samples incubated on beads were magnetically separated and
the supernatant was kept as control for unbound proteins. Wash-
ing of the co-IP samples was performed by magnetically separat-
ing the beads and resuspension in wash buffer (50 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 0.5 mM EDTA) for ﬁve times. Remaining
proteins were eluted by boiling the beads for 10 min in 2 sample
loading buffer (126 mm Tris–HCl, pH 6.8, 20% glycerol, 4% SDS, and
0.02% bromophenol blue), magnetic separation, and recovery of
the supernatant containing the trap sample. The input and trap
samples were analyzed by western blot using anti-GFP (Invitro-
gen) and anti-RFP (ChromoTek) antibodies, and peroxidase-labeled
secondary antibody (Invitrogen) for luminescence detection
(Roche).
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